We have developed a full waveform iterative inversion procedure for determining the porosity, permeability, interstitial fluid properties and mechanical parameters of stratified porous media. The inverse problem is solved by using a generalized least-squares formalism. The proposed method achieves computational efficiency through semi-analytical, semi-numerical solutions for calculating the reference and perturbation wave fields from Biot's theory.
Introduction
The aim of seismic data inversion is to obtain an earth model whose response best fits the observed seismograms. Because full waveform inversion techniques are sensitive to the amplitudes and phases of the seismic disturbances, the question raises whether poro-elastic parameters can be determined from seismic signals. This question has been debated since the pioneering work of Biot (1956a Biot ( , 1956b and is of paramount importance for reservoir studies. The attempts to derive poro-elastic parameters from wave velocities and attenuation, and viceversa (Berryman et al., 2002; Pride, 2003 , Pride et al., 2003 obviously point to the difficulty of the task. Recently, Spikes et al. (2006) devised a method to interpret seismic amplitudes for lithology, porosity and pore fluid by using exhaustive Monte Carlo simulation of reservoir properties as inputs into a rock physics model.
As a contribution to this problem, we investigate here the "direct" inversion of seismic data corresponding to fluid-filled stratified porous models in terms of 8 parameters characterizing each layer. These parameters include porosity and permeability k 0 , solid and fluid densities s and f , mineral modulus of the grains K s , fluid modulus K f , shear modulus of the grains G s and consolidation parameter c s (see Pride, 2003 , for the definition of these parameters). Our method is based on a full waveform iterative inversion procedure carried out with a gradient technique to infer an optimum model which minimizes a misfit function. The latter is defined by a sample-to-sample comparison of the observed data d obs with a synthetic wavefield d = f(m) in the time-space domain, and by an equivalent term describing the deviations of the current model m with respect to an a priori model m 0 , i.e.,
where the norms · D and · M involve a data covariance matrix C D and an a priori model covariance matrix C M (Tarantola and Valette, 1982) .
Our work is an extension to poro-elastic media of an algorithm previously developed for the inversion of plane-wave seismograms in elastic media (Kormendi and Dietrich, 1991) . It is also a continuation of a recent contribution dealing with the derivation of the sensitivity operators for poro-elastic media (De Barros and Dietrich, 2006) . For these reasons, we will only outline the inversion procedure and refer the reader to the publications mentioned above. We will then present inversion results obtained with noise-free synthetic seismograms for estimating the medium parameters, separately or simultaneously.
Method
The implementation of a full waveform inversion method requires several ingredients which all constitute problems to solve. Firstly, we need a forward modeling code for the geometry under consideration, i.e., a computer program capable of simulating the point source response of a layered poro-elastic medium. Secondly, when choosing a gradient technique to minimize the cost function, we need an efficient method to compute the differential or perturbation seismograms representing the sensitivity of the wave fields relative to the different model parameters. Thirdly, an inversion strategy is required for the optimization problem.
The forward modeling code has been adapted from a more complex program taking into account the coupled seismic and electromagnetic wave propagation (Garambois and Dietrich, 2002) . The computation of the differential seismograms required lengthy analytical developments to establish, within the Born approximation, formulas giving the Fréchet derivatives of the solid and fluid displacements in the P-SV and SH wave cases by applying a perturbation analysis to the governing wave equations in the plane-wave domain. A total of 76 expressions involving the Green's functions between source and perturbation and between perturbation and receiver were thus obtained for the medium parameterization used (De Barros and Dietrich, 2006) . Finally, we implemented the whole inversion procedure in the time-space domain by using either a conjugate gradient algorithm or a quasi-Newton method. We used in all cases diagonal covariance matrices in the model space and data space. We also imposed constraints on the model parameter values to keep them within physical boundaries. The inversion algorithm starts with an a priori model and is stopped when the cost function becomes less than a predefined minimum value or when a maximum number of iterations is reached.
Inversion results
In the following examples, we consider a vertical point force and shot gathers corresponding to vertical displacements without any noise contamination, the source-time function being perfectly known. Source and receivers are located at the free surface. We do not consider direct waves and surface waves in our computations. It should be noted, however, that our algorithm is able to handle more complex source-receiver configurations, as well as multi-component datasets. 
One-parameter inversion
We first assume that only one model parameter distribution is unknown, the other parameters being perfectly known and fixed. To check the performance of the inversion algorithm, we first consider a very simple variation of the model parameters in the form of a "boxcar" function. The medium is discretized with thin layers whose thickness usually represents ½ or ¼ of the shortest wavelength. The structure is reconstructed via the inversion method described above (Figure 1 ). In spite of some inaccuracies, the results displayed in Figure 1 show that the inversion algorithm does a reasonable job to estimate the true models when only one parameter distribution is considered at a time. We also considered a more complex model depicted in Figure 2 . Here too, we observe that the inversion procedure yields satisfactory results, although we may notice a deterioration of the results as a function of depth.
Figure 2 -Inversion of a synthetic shot gather for solid density. From left to right: panel with the true, initial and final models; seismic sections displaying the input data corresponding to the true model, the synthetic seismograms obtained at the last iteration, and the residual wave field.
Multi-parameter inversion
Next, we test our algorithm by trying to invert for several model parameters at the same time (Figure 3 below) . This time, we notice that one of the two parameters (the solid bulk modulus) is poorly reconstructed due to parameter coupling.
Another way to proceed is to combine several parameters together and use a priori lithological information to reduce the inversion to only one parameter. An example is given below with the saturation rate chosen instead of the fluid modulus and fluid density. 
Conclusions
This work represents a first attempt to directly invert seismic shot gathers in terms of the intrinsic properties of a fluid-filled porous medium. The examples considered stress the complexity of this exercise when it comes to simultaneously invert for several parameters whose perturbations have similar radiation patterns (or AVA responses). A possible way to circumvent this problem is to consider composite parameters and reliable a priori information.
